Recent studies have used field techniques that estimate soil hydraulic and solute transport parameters. These methods utilize a tension infiltrometer to infiltrate either a single tracer or a series of tracers in order to estimate immobile water content (θ im ) and mass exchange coefficient (α) of the mobile-immobile solute transport model. The objective of this study was to compare two single tracer methods (basic and variance) with one multiple tracer method for estimating θ im and α from data obtained on the same field soil location. Hydraulic conductivity (K(h 0 )) was also estimated using these methods. Research was done at five interrow sites in a ridge-tilled corn (Zea mays L.) field, and the soil was mapped as a Nicollet series (fine-loamy, mixed, superactive, mesic, Aquic Hapludoll). The values of θ im and α estimated by the multiple tracer method compared well with previously measured values using the same technique on the same field 
lic and solute transport parameters. These methods utilize a tension infiltrometer to infiltrate either a single tracer or a series of tracers ten et al., 1977) . The mobile-immobile model was also in order to estimate immobile water content ( im ) and mass exchange applied to field-scale solute transport by Toride and coefficient (␣) of the mobile-immobile solute transport model. The Leij (1996) , who used a stochastic stream tube model. breakthrough curves in laboratory experiments. Matching the observed flux concentrations of tracers in column effluent with concentrations predicted from analytical M any agricultural problems involve the reactivity solutions of the mobile-immobile model results in a set and transport of dissolved chemicals in the soil.
of best-fit solute transport parameters (Parker and van Chemicals such as fertilizer and pesticide are deliberGenuchten, 1984; van Genuchten and Wagenet, 1989 ; ately added to the soil but may result in significant Gamerdinger et al., 1990; Toride et al., 1995) . Although contamination of the groundwater (Pye et al., 1983) . the observed and calculated flux concentrations may These chemicals can be managed to maximize their efmatch closely with this method, the estimated transport fectiveness within the root zone and minimize their parameters may not be a unique set of values. Altertransport below the root zone. Chemicals often move native methods for estimating parameter values are preferentially through soil, resulting in a high risk of needed so that unique sets of solute transport values groundwater contamination. Preferential flow is exemcan be determined. There also exists a need to estimate plified by the early breakthrough and long tailing in these parameters without running extensive column laboratory column experiments and in field lysimeter breakthrough experiments. Methods that do not require experiments (Beven and Germann, 1982; Ressler et al., effluent breakthrough curves to estimate solute trans-1998). The mobile-immobile solute transport model port properties are also useful in estimating these pa- (Coats and Smith, 1964) (1996, 1997) , the latter of whom used both the breakcalculate sorptivity (S ). The infiltrometers were automated through curve method and the multiple tracer method with transducers as described by Ankeny et al. (1988) . After to estimate im and ␣ in the same aggregated soil colthe first 100 s of cumulative infiltration, the automated reumns. In these studies a series of tracers were applied, cording interval was changed to read every 576 s for 16 h.
after which the soil columns were sectioned and anaThese later I values were used to determine the steady state lyzed for resident tracer concentrations. The multiple infiltration rates (i ) according to White and Sully (1987) . To estimate S, early stages of I values were used with the tracer method was used with the resident tracer concenfollowing expression (Philip, 1957; White and Sully, 1987, trations to estimate im and ␣. Lee et al. (1996 Lee et al. ( , 1997 1988):
were able to use these estimates to accurately predict solute breakthrough curves and resident concentration I ϭ St single tracer-variance method for estimating ␣ does not assume ␣ ϭ 0 but that ␣ can be measured over a long by the input tracer concentration. There are advantages the same manner as described by Jaynes et al. (1995) and with both of these methods. The basic single tracer Casey et al. (1997 Casey et al. ( , 1998 
MATERIALS AND METHODS
soil 10 to 15 mm deep while well avoiding the tracer front. We used the same criteria as the Clothier et al. (1995) study Research took place in a ridge-tilled corn field between 30 for tracer application and sampling depth. August and 14 September 1996 at the Agronomy and AgriculWithin seconds after the final tracer application the infiltrotural and Biosystems Engineering Research Center west of meter was removed, and the soil was sampled from the area Ames, IA. The soil was mapped as a Nicollet series derived that had been beneath the tension infiltrometer. The infiltrafrom glacial till. Five infiltration sites were located in the tion area was sectioned into four equal parts, and eight cylininterrow areas of adjacent corn rows. The infiltration sites drical samples (15 mm deep and 10.6 mm diameter) were were cleared of corn debris and weeds to ensure suitable taken from one of the quarters (Fig. 1) at the same time. hydraulic contact between the infiltrometer disk and the soil The infiltration area was sectioned into four quarters so that surface. Experiments to estimate soil hydraulic properties presampling disturbance was localized to a single quarter and ceded experiments to estimate the solute transport coefficients minimized at the other quarters. The infiltration sites were im and ␣.
then covered with plastic and loose soil was spread over the Near each site a soil core was taken using a beveled brass plastic. This was done to prevent water loss by evaporation ring with height 37 mm and diameter 73 mm. These soil cores and infiltration from precipitation. During the course of the were used to determine the antecedent and bulk density. A large-base diameter (230 mm, Perroux and White, 1988) tenexperiment there was no precipitation. Approximately 2 d sheets were taken off the infiltration sites and eight more soil samples were taken from another quarter of the infiltration of 2.65 with H 3 PO 4 and 20 mL L Ϫ1 acetonitrile as the eluting site. The soil was then covered again with the plastic and loose solution. The flow rate was 1 mL min Ϫ1 and the detection soil. This procedure was repeated at approximately 7 d and wavelength was set to 205 nm. 15 d after the start of the tracer application. Figure 1 shows the Extracted tracer concentrations from the soil sampled imsampling scheme. All soil samples were weighed and placed in mediately after the tracer application were used to estimate plastic zip-lock bags and refrigerated to prevent any loss of im and ␣ with the modified Jaynes et al. (1995) 
samples were done in 150-mL Erlenmeyer flasks using ≈ 1:1 soil/0.0005 M CaSO 4 solution. The extraction mixture was where C is the measured tracer concentration from the extract, shaken for 5 min on a wrist shaker and allowed to settle for C 0 is the tracer concentration from the input tracer solution, 5 min. The solution was then decanted through no. 40 filter t is tracer application time, and ᐉ is the soil sampling depth. paper and stored at 2ЊC until analysis. Approximately 10 mL of It is assumed that C 0 ϭ C m when the soil is sampled. Plotting filtered solution was needed for tracer solution determination.
ln(1 Ϫ C/C 0 ) as a function of t should result in a straight line The remaining decant and soil retained on the filter paper with the intercept of [ln( im /) ϩ ᐉ␣ m /( im q)] and the slope were oven dried at 105ЊC to compute . Ϫ␣/ im (Fig. 2) . Since im is in both the intercept and slope, a Analysis for the fluorobenzoate tracers was done on a Dioleast squares optimization has to be done to estimate ␣ and im . nex Series 4500i ion chromatograph (Dionex, Sunnyvale, CA) Extracted tracer concentrations from the soil sampled imas described by Bowman and Gibbens (1992) . For the fluoromediately after the tracer application were also used to estibenzoates, a SAX column (Regis Chemical Co., Morton mate im with the basic single tracer method (Clothier et al., Grove, IL) 1 was used with 230 mM KH 2 PO 4 , adjusted to a pH 1992):
1 Names are necessary to report factually on available data; how-
ever, the USDA neither guarantees nor warrants the standard of the Equation [7] is identical to Eq.
[6] if ␣ is zero. Extracted tracer product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may be suitable.
concentrations that were used to estimate im from Eq.
[7]
were of the longest applied tracer in the series. The basic single tracer method assumed ␣ ϭ 0 for the entire tracer experiment, so it should not have mattered which tracer we chose. However, to diminish concern that the assumption that C m ϭ C 0 was not being violated, we chose to use to final tracer in the series. The longer the tracer was applied the higher the probability that C m ϭ C 0 was true. Clothier et al. (1995) proposed a single tracer-variance method to estimate ␣ by measuring the variance of tracer concentration over time. First, Clothier et al. (1995) analytically expressed the decrease of C m through time:
[8]
and the simultaneous increase of C im through time:
where C* is the equilibrium tracer concentration when C* ϭ C m ϭ C im ϭ C 0 (1 Ϫ im /) as t approaches infinity. Finally, Clothier et al. (1995) developed the following expression to predict the normalized variance in tracer concentration under the infiltrometer through time:
where s The variance of each of the tracer concentrations from each application site was determined at approximately 0, 2, 7, and 15 d after the tracer infiltration. The time at 0 d was the time the first tracer was applied, and the first sampling occurred at the completion of the last tracer infiltration. The following expression was used to determine the sample variance (s 2 ) of 
that were Ͼ1 were excluded from Site 2 on the second sampling date and from Site 4 and 5 on the last sampling date.
where n is the number of the soil samples (n ϭ 8), and C is the mean value of the n samples. The sample variance values Values of im / and ␣ from this study were compared with from Eq. [11] were normalized by dividing through by the the Casey et al. (1997) study using a one-way ANOVA at a initial sample variance, s 2 0 , calculated from all of the tracers. 0.05 significance level (Steel and Torrie, 1980, p. 64, 137-167) . This approach for estimating ␣ assumed that the soil samples that were taken from the infiltration site were either sampled from m or im (Clothier et al., 1995) .
RESULTS
All four tracers were used in estimating the measured s 2 (t )/
Soil Hydraulic Properties
values. The tracers were assumed to move through the soil identically, and the tracers were applied at different times.
The first objective of this study was to estimate the Each tracer was used to estimate an s 2 (t )/s 2 0 value. Figure 3 hydraulic properties of the soil at Ϫ30 mm pressure measurement sites. The coefficients of determination for the estimation of S that used the early time infiltration data ranged from 0.77 to 0.99 with a mean of 0.87. Estimations of K(h 0 ) from the longtime steady state infiltration data using the White and Sully (1987) method were reasonable and fell within the ranges that others have found in soils near this research area (Logsdon and Jaynes, 1996; Logsdon, 1993) . Under similar tillage systems and time of the season, Logsdon and Jaynes (1996) found the mean K(h 0 ) values at h 0 ϭ Ϫ30 mm to be 4.52 m s Ϫ1 with a plus or minus one standard deviation range of 1.81 to 10.70 m s Ϫ1 . These values are slightly higher than the values reported in the present study. Also, Logsdon (1993) found K(h 0 ) values in similar soils to range from 0.67 to 2.2 m s Ϫ1 , which were similar to our values (Table 1) . Ϫ1 , respectively. The variances dispersion approaches zero close to the solute applicaof ␣ values were low, ranging from 2.5 ϫ 10 Ϫ5 d Ϫ2 at tion source at the soil surface (Yates, 1992 ; Gimmi, Site 5 to 0.4 d Ϫ2 at Site 2. The ␣ values from this study 1994). Our soil samples were taken at a shallow depth were not significantly different from the Casey et al.
Soil Transport Properties
so that the effect of dispersion approached zero. A likely (1997) study at a 5% level.
explanation of the increase in tracer concentration through time in Fig. 2 Figure 4 shows the relative C im as a function of time Although the exact same soil samples were used, the and indicates appreciable accumulation of tracer in im estimates of im and im / from the single tracer method at the time of the first soil sampling. This gives further evidence for the underestimation of im with the basic were lower than the estimates from the multiple tracer method. The single tracer method assumes that the single tracer method.
The normalized variance calculated from the meatracer enters the soil surface and moves through m variance method assumes that soil samples taken from the infiltration site are either sampled from m or im (Clothier et al., 1995) . This macroscopic interpretation of m and im is a fundamental difference between the single and multiple tracer methods. The multiple tracer method assumes that the domains of solute transport are on a small scale and not found in large pockets of the soil. The single tracer method assumes that the solute transport domains are on a large scale and can be sampled individually.
CONCLUSION
Two single tracer (basic and variance) methods and a multiple tracer method have been proposed for the estimation of the mobile-immobile model transport parameters ␣ and im , but they have not been used on sured tracer concentrations with time did not fit the the same site. By using these methods at one site, we single tracer model (Eq. [10]) very well (Fig. 3) . For estimated the hydraulic parameters along with the soleach of the sampling dates a separate ␣ value can be ute transport parameters. The multiple tracer method estimated using this method, so there was not a single consistently gave im values that were larger than those ␣ value that characterized the decrease in s given by the basic single tracer method, and we attribtime for any of the sites. Also, at any one site the estiuted this result to an invalid assumption of ␣ ϭ 0 used mated ␣ values ranged from two to three orders of in the basic single tracer method. The single tracermagnitude. The range of ␣ values for all the sites was variance method for estimating ␣ was less practical than 0.03 to 60 d
